Utility of intra-access pressure monitoring in detecting and correcting venous outlet stenoses prior to thrombosis. Vascular access thrombosis is a major problem for hemodialysis patients. Over 7.75 years; we performed intra-access venous pressure monitoring at zero dialyzer blood flow (VP0), correlated VP with access anatomy angiographically, and examined the effect of two levels of stenosis, 50% and >65% luminal diameter reduction (%D) as selection criteria for referral and elective angioplasty or surgical revision upon access outcomes. Summary receiver outcome curves for absolute intra-access pressure (VP0) and intra-access pressure normalized for systemic pressure (VP0lsystolic BP) were constructed to evaluate sensitivity 4nd specificity and compared to recirculatibn and duplex color-flow Doppler. Access outcomes included thrombosis, revision, replacement, and angioplasty rates that were normalized per 100 patient years (100 pt-yrs). During the 7.75 year long study period totaling 832 paticnt-acess years of risk, the percentage of prosthetic bridge grafts increased from 65% to 80%. SROC showed better sensitivity for normalized (VP0lsystolic BP) than absolute intra-access pressure (VP0) in grafts.
Utility of intra-access pressure monitoring in detecting and correcting venous outlet stenoses prior to thrombosis. Vascular access thrombosis is a major problem for hemodialysis patients. Over 7.75 years; we performed intra-access venous pressure monitoring at zero dialyzer blood flow (VP0), correlated VP with access anatomy angiographically, and examined the effect of two levels of stenosis, 50% and >65% luminal diameter reduction (%D) as selection criteria for referral and elective angioplasty or surgical revision upon access outcomes. Summary receiver outcome curves for absolute intra-access pressure (VP0) and intra-access pressure normalized for systemic pressure (VP0lsystolic BP) were constructed to evaluate sensitivity 4nd specificity and compared to recirculatibn and duplex color-flow Doppler. Access outcomes included thrombosis, revision, replacement, and angioplasty rates that were normalized per 100 patient years (100 pt-yrs). During the 7.75 year long study period totaling 832 paticnt-acess years of risk, the percentage of prosthetic bridge grafts increased from 65% to 80%. SROC showed better sensitivity for normalized (VP0lsystolic BP) than absolute intra-access pressure (VP0) in grafts.
Recirculation had poor predictive power in prosthetic bridge grafts compared to VP0. Predictive power of recirculation was superior to VP0 in native arteriovenous flstulae. The angioplasty rate correlated inversely with the degree of luminal reduction used as selection criterion for referral for angioplasty or surgical revision. A strong inverse relationship between thrombosis rate and the angioplasty rate (R2 = 0.99) but not between thrombosis rate and the number of angiograms performed (R2 = 0.39) was noted. A consistent, yet evolving, intensive graft maintenance protocol produced a 70% decrease in the thrombosis rate, a 79% decrease in the access replacement rate, and an increase in the average age of patent usable vascular accesses from 1.97 to 2.98 years that was associated with a 13-fold increase in the angioplasty rate. We conclude that vascular access monitoring with VP0/systolic BP provides excellent selection criteria for angiographic referral. Intervention for stenotie lesions >50%D using angioplasty or surgical revision markedly reduces thrombosis and access replacement rates.
Sustained patency of vascular patency is a continuous challenge to the nephrologist, vascular surgeon, and interventional radiologist. Recognition of accesses at high risk and establishing the appropriate timing of intervention are unresolved problems [1, 2] .
Failure patterns of native flstulae (NF) and prosthetic bridge grafts (PBGs) differ. Native fistulae may fail early but once matured are dependable and long-lived [3] . Advancing age and the presence of co-morbid conditions have greatly reduced the PBGs do not endothelialize in humans, except for the centimeter adjacent to native vessels. Smooth muscle cells migrate into the subintima of the outlet vein, proteoglycans are elaborated and the intima thickens (pseudointimal hyperplasia) [5] . PEGs fail predominately from progressive venous-outlet stenosis from this hyperplastic response [6] [7] [8] . Clinically, access failures often present as nonsalvagable thrombosis. Unable to pharmacologically control pseudointimal hyperplasia [9] , prolongation of PBG survival requires new, more sensitive methods to diagnose progressive venous outlet stenosis prior to thrombosis and the design of prophylactic interventions to correct the stenoses.
Although desirable, the expense and invasive nature of angiography has limited its routine use. Other reported techniques for access evaluation include measurement of post-dialyzer "venous drip chamber pressure" [8] , recirculation [10] [11] [12] [13] [14] [15] , and Doppler ultrasound [16] [17] [18] [19] [20] . Each method seeks to identify high-risk grafts to refer for angiography.
Current methods for assaying recirculation and for measuring venous pressure from the Dialysis Machine (VPdm) are highly flow and geometry dependent and have been shown to be unreliable [12, 13, 21] . Although measurement of the absolute intra-access pressure (VP0) is more difficult than VPdm, t is independent of dialyzer blood flow and geometry [2 1-23] , making this parameter an excellent candidate for further investigation.
We summarize our experience with the technique for monitoring intra-access pressure. Additionally, based on these pressure measurements, we assessed the value of prophylactic correction of access stenoses on the clinical outcomes of these vascular accesses.
Methods

Setting
Hemodialysis patients treated at Thomas Jefferson University entered this IRB-approved study following acquisition of informed consent. Conventional dialysis has been practiced in more than 95% of patients with dialyzer blood flows of <350 ml/min (measured urea clearances of <191 mI/mm) using Gambro AK-lO (Gambro, Inc., Lincolnshire, IL, USA) or Baxter SP450 (Baxter Healthcare Corp., McGraw Park, IL, USA) hemodialysis machines. Fig. 1 . The stopcock-transducer systems used to measure intra -access pressure. Our original system is shown on the left and the commercially fabricated system on the right. Either is inserted in the venous return line between the venous return needle and tubing.
Intra -access pressure measurements Intra-access pressure was measured using an "in line" high-flow stopcock with no restriction to flow (<2 torr at flows of 500 mi/mm) inserted between the venous return needle and the dialyzer venous return blood line prior to the initiation of dialysis. This high flow stopcock is connected via a three-way stopcock to a pressure transducer and monitor. Initially, the stopcock system was assembled on-site with a transducer from Cobe Laboratories (Lakewood, CO, USA). For the past 2.5 years, the system of two stopcocks and transducer has been obtained as a sterile package from Namic® USA Inc. (Glenns Falls, NY, USA) (Fig. 1) .
Transducer pressure was measured by a patient monitor (Hewlett Packard, King of Prussia, PA, USA) both at usual dialyzer blood flow (range 275 to 375 mI/mm) and at zero dialyzer blood flow (VP0 ) within the first hour of dialysis. Pressure at the usual flow rates reflected the intra-access pressure (VP0) plus pressure created by flow through the venous circuit and venous needle. To assure that the transducer system was properly calibrated, pressure had to correspond within 20 torr to the venous pressure recorded by the dialysis machine's pressure gauge at the bubble trap (VPdm). To measure VP0, the blood pump was stopped and a stable reading for VP0 was achieved within 40 seconds. The systemic blood pressure (BP) was simultaneously measured using an automated sphygmomanometer (DinaMapM, Critikon, Greensboro, NC, USA). The entire procedure took less than two minutes. The pressure monitor is calibrated quarterly to an accuracy of 2% over a pressure range of 250 torr. Recirculation was measured after VP0 measurements by the classical 3-BUN method 12J.
Duplex color-flow Doppler studies
Color Duplex Doppler evaluation of the vascular access was performed using a Hewlett Packard Sonos 1000 (Andover, MA, USA). Spectral waveforms across the arterial anastomosis were assessed. In PBG, color Doppler was performed along the entire length of the graft and more central veins, and areas of increased velocity underwent spectral Doppler analysis. Elevated velocities and turbulence are normally present at the arterial end and a twofold increase in velocity is frequently present in tapered grafts. The diagnosis of stenoses was based on excessive velocity or the direct visualization of narrowing. Quadrupling of velocity through a narrowed graft area was taken as primary evidence of stenosis, and post-stenotic turbulence was considered a secondary sign of intragraft stenosis. Finally, the central veins were evaluated and the diagnosis of stenosis made on the basis of images identifying a stenoses, the demonstration of thrombosis, or on spectral Doppler the dampening or absence of flow or waveforms typical of stenoses. Volume flow within the access was determined as the average of three separate measurements along the access. When possible, the flow rate was also calculated in the artery feeding the access just proximal to the anastamosis. The volume flow measured within an NF is inaccurate due to the tortuosity of the vessels. Therefore, volume flow was obtained from the feeding artery, which represents the flow through both the fistula and the hand, but the latter flow is very small compared to the former (usually less than 10%). The fistula's entire length was investigated for strictures or thrombus.
Angiography
Images were obtained from the needle tip near the arterial end of the access to the superior vena cava. The arterial anastamosis was imaged if poor flow was suspected or seen at angiography. In many patients, the needle was exchanged for a catheter which was guided centrally and pressures measured as the catheter was withdrawn through the central vein, peri-anastamotic vein, venous end of graft, mid-graft, and arterial end of graft. An edge detection software package (ADAC, Milpitas, CA, USA) was used to calculate %D, the degree of luminal diameter reduction, from digitized images. The highest grade stenosis (if multiple ones were present) was used in subsequent analyses.
Criteria for referral for angiography and angioplasly
The 24 months preceding the study, 4/1/86 through 3/31/88, served as a historical control period (Period 1; Table 1 ). During period 2, angiography was done after declotting all grafts, for inadequate dialyzer blood flow and for ipsilateral limb edema. Stenoses exceeding 65% to 70% of the luminal diameter were corrected by angioplasty or surgery. Period 2 preceded any screening program for detecting accesses at risk for thrombosis and so served as a second control segment.
Period 3 marked the beginning of our prospective trial aimed at determining the effect of the degree of stenosis %D stenoses on the rate of access thrombosis. Based on the findings of periods 1 and 2 and the reports of others [8] , we hypothesized that stenoses greater than 50% of the luminal diameter predisposed to access thrombosis. During period 3, VP0 and VPdm were recorded at least every four months. Elevated VP0 was the primary criterion for the referral for angiography to detect asymptomatic stenoses. When possible, recirculation was measured within the same week that the referral criterion was met. Angioplasty was done for venous outlet stenosis of 50% or more. During period 4, only stenoses of 70%D were treated with angioplasty, but in period 5 the criterion was returned to 50% (see below).
To further define the relationship between VP0 and the degree of stenosis, during periods 3 to 5 we requested all patients without access dysfunction to undergo baseline VP0, color-flow Doppler ultrasound, and angiography. In periods 6 and 7 (10/1/92 to 12/31/93), Doppler ultrasound was added to define flow rates and determine whether some lesions could be missed by intra-access pressure monitoring, or whether angioplasty could be delayed until intra-access flow decreased by 50% from baseline in cases with elevated VP0 and stenosis less than 50%. Threshold for correction of a stenosis was maintained at 50%D.
Transluminal angioplasty was performed using standard technique. Lesions not amenable to angioplasty, technical failures, or recurrent stenosis within six to eight weeks were all revised surgically. Access failure was defined as inability to further use an access for dialysis. Access patency was followed to death, transplantation, transfer to peritoneal dialysis or transfer to another facility.
Calculation of occurrence rates
Within each period, the risk of an event was calculated for each patient on hemodialysis. The total number of days at risk was summed monthly and converted to total patient years within each period. The rates of occurrence (thrombosis, revision, and replacement) were calculated as the number of events divided by the total number of access years at risk within each period. This was done to adjust for differences from a growing population and for differing study period lengths. Rates were thus normalized per 100 patient years (100 pt-yrs). Within each period, the total duration of patency, whether spontaneous or assisted through thrombectomy and/or revision, was calculated for each access and averaged over the accesses at risk, Patient age was recorded at the mid-point of each period.
Statistical analysis
Data were analyzed using Systat for Windows (Version 5.02, Systat Inc., Evanston, IL, USA). Comparison of continuous variables or normalized incidence rates was made using a Student f-test. Rates of occurrences were correlated with stenosis criteria for intervention using linear or non-linear regression.
Results
Demographics During the 7.75 years of study, we followed 385 patients with 528 accesses, of whom 109 died, 78 were transplanted, and 58 transferred to peritoneal dialysis or to another facility (Table 2) .
Thus, a total of 242 patients (63% of the total) exited the hemodialysis program. The average turnover rate during the seven periods was 29% per year (range 27 to 45% per year). The absolute number and percentage of native fistulae decreased progressively from 63 to 39 and from 35% to 20%, respectively, over the 7.75 year period ( Table 3 ). The progressive increase in the absolute number and percentage of PBG correlated to some degree with the changing demographics of the dialysis population (Tables 2 and 3 ). Average age, the percentage of patients >60
years of age, and the percentage of patients with diabetes increased progressively through the seven periods. By contrast, the gross mortality rate was quite variable (average of 13%), the transplantation rate was well maintained through the first 5 periods, and transfers fluctuated in response to station availability (Table 2) .
Pressure measurements
During 1988, we defined the relationship between pressure, needle gauge, hematocrit, and dialyzer blood flow rate in an e vivo system (Fig. 2) . A marked curvilinear relationship was found between blood-flow rate and pressure within each panel (different needle gauge sizes) at each hematocrit (Fig. 2) . During periods 2 and 3, we defined the relationship between VPdm and VP, and showed that VP0 could be mathematically derived from VPdfl as a function of needle gauge, blood flow rate through the dialyzer (and its square), and hematocrit [22] . However, because of the poor precision of the derived VP0 [22] all further studies directly measured VP0. During periods 2 and 3, we also defined the hemodynamics of populations of both native fistulae and PBG accesses during two separate cross-sectional studies. Native fistulae had a VP0 of 23.6 16.1 torr (N = 33, mean SD), while PBG had a VP0 of 48 14.1 torr (N = 50). Values for VP0 <30 torr was found in 85% of patients with native accesses but in only 27% of patients with PBGs [21] .
The mean intratreatment coefficients of variation (CV) for VPJsystolic BP found in period 3 during a single dialytic treatment of 10 subjects with six serial measurements every 30 minutes was small, 5.1% (range 3.1 to 8.9%), despite a 10-fold range in VPIsystolic BP (0.06 to 0.70) among the patients. By contrast, the mean CV for VP0 was 21% (range 8.3 to 44%). Intertreatment variation of systolic VP0/BP measured in 14 patients from the first The relationship between VP0 and access anatomy defined by angiography was determined by studying as many accesses as was possible in periods 3 through 5. Of 206 accesses at risk in these periods, 129 (63%) were studied angiographically on 171 occasions. When the 129 access studied angiographically were compared with the remaining 77 accesses, the VP0 (59 2 vs. 36 3 torr) and VP0/systolic BP ratio (0.44 0.02 vs. 0,26 0.02) were significantly higher in the accesses studied. It was difficult to convince some patients to undergo an invasive procedure in the absence of access dysfunction, which presumably skewed the refusal group. For PBG, 88 of 137 studies demonstrated stenoses >50%D of which 35% were in the central vein, 47% were at the venous anastamosis, 16% were intra-graft, and 2% were at the arterial end. The linear correlations between normalized access pressure and degree of access stenosis in PBGs was: VP0/systolic BP = 0.22 + 0.004 %D (r = 0.61), but a higher degree of correlation was obtained using a third order polynomial (r = 0.73) that also emphasized that the steepest part of the increase in the VP0/systolic BP for PBGs occurred with stenoses between 25% and 75%. By contrast, the linear relationship in native fistulae was VP0/systolic BP 0.0 + 0.003%D (r 0.51), but a much better correlation was obtained using an exponential function (r 0.83).
In native fistulae 21 of 34 angiographic studies demonstrated stenoses >50%D but the pressure did not increase markedly until values exceeded >70%. Usually this stenosis was not in the main part of the fistulae but was more centrally located.
The summary receiver operator curves (SROC) evaluated the influence of threshold on the true positive rate (sensitivity) as a function of the false positive rate (1 -specificity) for VP() (Fig. 3 ) and systolic VP(1!systolic BP (Fig. 4) . We initially chose a value for systolic VP0/systolic BP of 0.4 as indicative of significant stenosis based on animal studies [24, 25] , and this value was shown to be a sensitive and specific marker for a stenosis equal to or greater than 50% (Table 4) . Sensitivity in native fistulae, whether using absolute intra-access pressure or the normalized ratio, is lower than in PBG despite the much lower threshold criteria used in native fistulae. By contrast, sensitivity in PBG using absolute intra-access pressure decreases gradually as the false positive rate decreases from 40 to 10%. The decrease in sensitivity is more marked when the normalized ratio is used, but the decrease does The angiogram was positive despite a low VP0lsystolic BP (that is, false negative) in 19 patients, 11 of whom had NF and 8 had PBGs. Seven of the eight false negative studies in PBGs occurred in patients with a central vein stenosis, all of whom were studied for ipsilateral extremity edema and not high pressure. By adding edema as a second criterion for angiography, the sensitivity for detecting significant stenoses in PBGs increased to 99%. All seven false positive studies occurred in PBG accesses. The cause in three patients, all upper arm straight grafts, resulted from positional kinking documented by intra-access pressure measurements in different arm positions during angiography. In the other four, very high intra-access flows (>2.5 liter/mm) were found by duplex color-flow Doppler studies.
Because a VP0!systolic BP ratio of 0.4 in native fistulae was too high but the specificity decreased rapidly at lower thresholds (Figs. 3 and 4) , the use of intra-access pressure was abandoned as a screening tool for native fistulae, and in periods 5 to 7 fistulae were referred on clinical grounds, inadequate dialyzer blood flow, or for recirculation >15% (which had a higher specificity).
In periods 2 and 4 angioplasty was done only if the stenosis reduced luminal diameter by 65% and 70%, respectively, whereas in periods 3 and 5 to 7, only a 50% stenosis was required for angioplasty. Using the lower thresholds clearly reduced the rate of thrombosis (Fig. 5) . Indeed, the rates of angioplasty and thrombosis were inversely correlated ( when a criterion of >50%D was used to perform angioplasty (periods 3 and 5 to 7) as opposed to a rate of 2 to 11/100 pt-yrs when a 65 to 70%D stenosis served as an indication for angioplasty (periods 1,2,4). In response to a higher angioplasty rate, thrombosis rate decreased from more than 50 to less than 28 per 100 pt-yrs. Although most of the grafts requiring intervention in periods 5 through 7 underwent angioplasty (102 procedures), a significant number (64) required surgical revision. When angioplasty was performed, there was a reduction in the mean degree of stenosis from 63 3% to 35 4% and the mean VP0/systolic BP decreased from 0.63 0.08 to 0.35 0.06. The venous anastamotic stenoses of PBGs decreased from 55% to 26%D following angioplasty, whereas central vein stenoses were initially greater at 71% and were reduced to only 47% following angioplasty.
The correlation of the decrease in hospital days with the rate at which angioplasties were performed was striking (Fig. 7) . Although all cause hospitalization days tended to decrease with increased rates of angioplasty, it was the thrombosis related and therefore all events related to vascular access that were reduced most dramatically (Fig. 7) . The proportion of accesses functioning more than two years increased from 30 to 50% over the period of study and the rate of graft replacement decreased by 79% (from 
30
Discussion Our studies were prompted by the high rates of graft thrombosis, revision, and replacement in our PBG population, coupled with the increasingly common surgical finding of venous outlet obstruction. As our experience increased, protocol changes were made in response to our accruing data. Two areas were of prime concern: (1) how precisely could we craft our criteria for angiography so as to identify accesses with significant venous outlet stenosis? and (2) how effective is angioplasty in improving graft hemodynamics and lengthening vascular access graft survival time?
Animal studies show that arterial pressure along a synthetic loop graft dissipates rapidly [24, 251 . Pressure decreases by 25 mm Angioplasty rate/i 00 patients of all accesses toward longer survival times (Fig. 8) . Despite a doubling of the number of hemodialysis patients, the average age of all accesses increased by one year from 1.96 to 2.98 years. Examination of Figures 5 and 7 indicates that the thrombosis rate decreased progressively during periods 5 through 7, although the diagnostic criteria for angiography referral and the angioplasty criteria were relatively unchanged. During these periods, the degree of luminal reduction by stenosis prior to angioplasty did not change significantly, being 66 4, 63 3, and 58 2, respectively. Two other factors changed during periods 6 and 7. Additional information was obtained by Doppler flow studies and angioplasty was done on stenosed accesses without prior approval from the referring nephrologist. During period 6, Doppler examination irs proximity to both intra-access pressure measurements and angiography/angioplasty revealed an average flow of 1.11 liter/mm in 36 PBG and 0.97 liter/mm in 20 native fistulae. For
PBGs with an initial intra-access flow above 0.75 liter/mm, none of 29 grafts thrombosed during an interval of up to three months between hemodynamic and angiographic study. By contrast, 5 of 7 PBGs with flows less than 0.75 liter/mm thrombosed within one month. This flow figure was subsequently incorporated in period 7 with regard to urgency of referral for fistulography.
observed. Thus, about 40 to 50% of the entire arteriovenous gradient occurs at the two sites of anastamoses. Arterial pressure is dissipated by 65 to 80% at the distal venous limb. Thus in the absence of collaterals, restriction to venous outflow should produce an increase in the intra-access pressure relative to arterial pressure. This was confirmed in patients at the time of arteriography by measuring pressures from the superior vena cava all the way back to the arterial segment of the graft (pull-back pressures). Stenosis at the venous anastamosis increased intra-access pressure [23] . VP1, measured during dialysis and pull back pressures at the mid to late venous portion of the venous limb were strikingly similar. Because systemic blood pressure varies among patients and during a treatment, we normalized our measurements of VP1, to the systemic pressure measured in the contralateral extremity. Formal analysis of the SROC did indeed indicate that in PBGs, the optimum discriminant was a normalized ratio of 0.4 (Figs. 3  and 4 ).
Schwab and co-workers [8] suggested that a post-dialyzer "venous drip chamber pressure" (VPdm) of >150 torr at a blood flow rate of 200 ml/min during the first 30 minute treatment of three consecutive treatments was effective for screening for venous outlet stenosis. Stenoses >50% of luminal diameter were treated either by angioplasty or were otherwise revised [8] . In contrast, we used as our screening criterion a single measurement of intra-access pressure, normalized for the systemic systolic blood pressure, and evaluated every three to four months in PBG and less frequently in native flstulae. The optimal time to correct the stenosis was approached by correlating vascular access events with angioplasty/revision carried out at two differing degrees of stenosis. Over a 7.75 year period we reduced the rate of access thrombosis from 57/100 pt-yrs to a final rate of 17/100 pt-yrs. These rates are very similar to the 61/100 pt-yrs prior to and 20/100 pt-yrs following pressure monitoring reported by Schwab et al [8] . Our initial rate and that of Schwab et al are within the range of 50 to 100 events/100 pt-yrs cited by others in the absence of pressure monitoring [26, 27] . We concur with Schwab et a! [8] that the majority of all episodes of PBG thrombosis are predictable using prospective pressure measurements, and hence are avoidable.
VPdm has been validated as a screening tool for venous outlet stenosis in conventional dialysis [8] , but criteria for high-efficiency or high-flux dialysis have not been defined [10, 11] . VPdLfl represents the sum of the actual ultra-access pressure (VP,,) at the site of puncture, the hydrostatic pressure between the venous needle and the pressure gauge, and the dialyzer blood flow dependent pressure gradients through the external tubing and venous return needle. Although the pressure varies with the needle placement along the venous limb of synthetic accesses [81, this latter effect is small relative to the flow-dependent changes in the needle (Fig.  2) . Measurements of VPdrn are more reliable at lower dialyzer blood flow rates, because at higher flows, VP,,, predominantly reflects the resistance in the needle [1, 28, 29] . Our calibration curves (Fig. 2) and our earlier study [22] suggest that the VPdrn criterion of 150 torr when used with a 16 g venous return needle [8] corresponds to an intra-access pressure of about 70 torr. Use of a VP0 threshold of 70 torr yields a sensitivity of only 55% (Fig.  3) ; thus almost half of the accesses with a 50% luminal narrowing would have been missed. Van Indeed, a single measurement in PBGs had excellent positive as well as negative predictive power (Table 4) . A pressure ratio normalized for the systemic systolic blood pressure exceeding 0.4 has positive and negative predictive powers of 96% and 79%, respectively, in detecting a 50% or greater stenosis. If extremity edema is added as a criterion, the sensitivity approaches 100%.
We have noted a false positive rate for VP,,/systolic BP of approximately 5% in PBGs using intra-access pressure monitoring. This failure invariably results from either very high flow rates By contrast, pressure monitoring of native accesses was not useful. In a synthetic graft, blood entering the access can only exit through the venous outlet. In a native fistula, blood entering the venous system has collaterals through which it can return. This difference predicts that intra-access pressures should be much lower in native flstulae than PBGs. During a cross sectional study of 83 patients, 33 with native and 50 with PTFE grafts, we found that the mean VP0 in PBGs was 25 torr greater than in native fistulae, 48 compared to 23 torr L22]. In a well-functioning native fistula, VP,, is usually less than 20 torr and in 83% of fistulae it is less than 30 torr. VP0 in native accesses does not increase above 30 torr until there is >70% diameter reduction of the main outflow, and then it increases exponentially as stenosis of the outflow becomes critical [21] . By contrast, only 29% of PTFE grafts had VP0 <30 torr. In PBGs, intra-access pressure increases more gradually with the degree of stenosis, increasing most rapidly between 30 and 70% by diameter stenoses present at or near the venous outflow [21] . Stenoses occurring in more central veins (such as, subclavian) usually present with edema but because of venous collateral intra-access pressures are lower and flow is better than in accesses with perianastamotic stenoses.
Measurements of recirculation and non-invasive vascular
Doppler flow studies may he needed in native flstulae to reliably screen for accesses at risk. Although the "classical" recirculation method has been discredited as a measure of "true" intra-access recirculation [12, 31, 32] , it has been successfully used to detect stenosis [10, 11] .
The relative usefulness of pressure measurements compared to Duplex Doppler assessment of flow in the detection of accesses at risk for thrombosis has not been addressed by our studies. Duplex Doppler ultrasound [16J using color to depict the spectrum of Doppler shifts superimposed on two-dimensional gray scale images can identify areas of stenosis. Several reports recommend this method for screening and detection of stenosis as well as for longitudinal follow-up [17] [18] [19] . However, this methodology is expensive and extremely dependent on the operator's experience.
The usual practice of bi-annual evaluation misses lesions that develop or progress between screening sessions.
Using venous anastamotic stenoses of >50% narrowing of luminal diameter as the criterion for referring patients for angioplasty provides a favorable balance between relatively high procedure rates (25 to 30/100 pt-yrs) and the much higher thrombosis rate that occurs if one waits for greater degrees of stenosis. When angioplasty of stenosed PBGs is successful, the mean degree of stenosis is reduced from 63% to 35%D and the mean VP0/systolic BP ratio is correspondingly reduced [22] . While stenoses often recur within several months to a year or more, the forces determining the recurrence rate are not fully known.
Early detection and timely, prophylactic correction of underlying vascular access problems are essential for maintaining access patency and maintaining optimum patient health. Episodes of thrombosis have major social and economic costs, have a substantial morbidity, and lead to abandonment of some accesses. Repeated thromboses and multiple procedures are known to increase the risk of infection [26] . As younger patients have a longer survival on hemodialysis than the elderly [33], preservation and salvage of their accesses is even more crucial.
Over 7.75 years, we have performed intra-access pressure measurements over 2000 times without complication. The proportion of patients dialyzed via a native fistulae decreased by almost half (35% to 20%) as the mean age of the population increased by 5.6 years and as the proportion of diabetics also increased from 24% to 36%. Despite these demographic changes, monitoring and intervention produced major effects on vascular access events. We have clearly shown that: (1) Venous outlet stenosis develops over periods of time varying from months to years. (2) As progressive stenosis develops, the risk of access thrombosis rises, but the stenosis is detectable and correctable before thrombosis occurs. intensive graft maintenance protocol produced a 70% decrease in the thrombosis rate, a 79% decrease in the access replacement rate, and a 13-fold increase in the angioplasty rate, accompanied by an increase in the mean access age from 2.0 years to 3.0 years at the end of the study period. We believe that interruption of the thrombosis, declot, rethrombosis cycle by elective angioplasty produced the one year increase in the mean age of accesses of our patients, despite a patient turnover rate of nearly 30% from death, transfer, or transplantation.
We conclude that direct measurement of VP0 is a simple, accurate technique for the assessment of PBG hemodynamics. A VP0/systolic BP 0.4 is a sensitive and specific indicator of venous outlet stenosis and a strong indication for angiography. Venous outlet stenoses exceeding 50% of the diameter are a predictor of imminent graft thrombosis, and an indication for intervention by angioplasty or surgery. Useful access patency can be prolonged by successful interventions to relieve venous outlet stenoses. 
